Vitamin D deficiency {defined by the blood concentration of 25-hydroxyvitamin D [25(OH)D]} has been associated with many adverse health outcomes. Genetic and nongenetic factors account for variation in 25(OH)D, but the role of interactions between these factors is unknown. To assess this, we examined 1204 women of European descent from the Carotenoids in Age-Related Eye Disease Study, an ancillary study of the WomenÕs Health Initiative Observational Study.
Introduction
Over the past 10-15 y, vitamin D has been associated with many health outcomes, including skeletal health, cancer, immune responses, type 2 diabetes and metabolic syndrome, cardiovascular diseases and hypertension, neuropsychological functioning, and all-cause mortality (1) (2) (3) (4) (5) (6) (7) . Moreover, the prevalence of blood concentrations of 25-hydroxyvitamin D [25(OH)D] 17 that put individuals at risk for vitamin D inadequacy [#50 nmol/L (#20 mg/L)] by recent Institute of Medicine (IOM) standards (7) is quite high. National Health and Nutrition Examination Survey data from 2005 to 2006 (n = 4495) revealed that 31, 63, and 82% of non-Hispanic whites, Hispanics, and non-Hispanic blacks, respectively, were at risk for vitamin D inadequacy (8) .
Vitamin D status, measured by 25(OH)D, is known to be influenced in part by sunlight exposure and vitamin D intake. Dietary and supplemental intake has been shown to account for 1-8% of the inter-individual variation in 25(OH)D (9) (10) (11) . Estimates of season and sunlight exposure have been shown to explain 1-15% of the inter-individual variation (9) (10) (11) , although the exact contribution is likely underestimated due to the challenges of measuring individual-level sunlight exposure. Accounting for these external sources of vitamin D plus additional characteristics, such as age and adiposity, accounts for 21-32% of the variation in 25(OH)D (9) (10) (11) .
The genetic contribution to 25(OH)D has been estimated to range from 23 to 77% (10, (12) (13) (14) (15) (16) (17) . Recent evidence indicates that estimates of heritability may vary by season of blood draw (16, 17) , which affects the amount of vitamin D produced upon exposure to sunlight. Yet the effect of season on heritability estimates is inconsistent, with one study finding moderate heritability in the summer (48%) and no genetic contribution in winter (17) and another study finding no genetic contribution in summer but a moderate contribution in winter (70%) (16) .
Two large meta-analyses of Caucasian cohorts with measured 25(OH)D and genome-wide association (GWA) data were recently published (18, 19) . In both meta-analyses, genetic variants in 3 genes were associated with 25(OH)D: GC (vitamin D binding protein), DHCR7 (encodes the enzyme that produces cholecalciferol in the skin), and CYP2R1 [encodes the enzyme that produces 25(OH)D in the liver]. An additional gene, CYP24A1 [encodes the enzyme that degrades 25(OH)D], was also significant in the SUNLIGHT Consortium report (19) , which included a much larger sample size (n = 33,868) than the other meta-analysis (n = 4501) (18) . However, the role of interactions between these genes and nongenetic factors, such as season and vitamin D intake, has rarely been investigated. One study examined the contribution of a genetic variant in GC, stratified by season of blood draw, and found a stronger association in the fall compared with the winter, although the sample sizes for the subgroups were rather small (n 100) (20) .
We have genotyped single nucleotide polymorphisms (SNPs) in these 4 genes in participants from the Carotenoids in Age-Related Eye Disease Study (CAREDS), an ancillary study of the WomenÕs Health Initiative Observational Study (WHI-OS), with the goals of testing for association between SNPs in these genes and 25(OH)D and determining if the SNP effects are modified by season of blood draw, a proxy for the available solar radiation in the environment, and/or vitamin D intake.
Participants and Methods
Participants. The WHI-OS, a prospective cohort study, assessed morbidity and mortality in 93,676 postmenopausal women recruited from 40 sites throughout the United States (21) (22) (23) . The serum, DNA, and data (except self-reported sunlight exposure) for the current study were collected at the WHI-OS baseline visit (1993) (1994) (1995) (1996) (1997) (1998) . The baseline characteristics of the participants and reliability of baseline measures were previously reported (24) . The CAREDS is an ancillary study of the WHI-OS that examined the association between dietary intake of carotenoids (lutein and zeaxanthin) and the prevalence of age-related eye disease, including macular degeneration (25) . Participants with a baseline lutein+zeaxanthin intake >78th or <28th percentiles were eligible for the CAREDS (n = 3143) and were recruited between 2001 and 2004 from 3 of 40 WHI centers: the University of Iowa, Iowa City, IA (latitude: 42°N); the University of Wisconsin, Madison, WI (latitude: 43°N); and the Kaiser Center for Health Research, Portland, OR (latitude: 46°N). The demographic and other health-related data did not differ between the overall sample of women enrolled in the WHI-OS and the subsample enrolled in the CAREDS (25) .
Among the 3143 women eligible for enrollment in the CAREDS, 96 (3%) died or were lost to follow-up during the recruitment phase, leaving 3047 women who were invited to participate, of whom 2005 (66%) agreed to enrollment. DNA was requested from 1787 (89%) participants who had data on age-related macular degeneration (the primary outcome of interest in the CAREDS). Of those, 1772 (99%) approved the use of their stored DNA and had an adequate volume of the DNA sample to be sent for genotyping; 1697 (96%) of these had sufficient DNA quantity for genotyping. Of these samples, 1663 (98%) passed the quality assurance/quality control checks, of which 1230 (74%) had 25(OH)D available at the baseline WHI-OS visit and 1204 (98%) were of European descent (based on self-report and ancestry informative genetic markers). The analyses were conducted with and without women with conditions that could affect vitamin D absorption in the gut (a history of ulcerative colitis, surgery to remove part of the intestine, or use of a special diet for malabsorption; n = 42), but the results did not substantially change (data not shown). Therefore, these women were included in the final analyses to preserve sample size. Thus, the final sample available for analysis was 1204 women (60% of the total CAREDS population).
Women who were included in this study (n = 1204) did not differ (P > 0.05) from the CAREDS women who were excluded (n = 801) with respect to 25(OH)D, vitamin D intake, season of blood draw, waist circumference, total cholesterol, self-reported time in sunlight, or allele frequencies for the significant SNPs in this report.
The Institutional Review Boards at each participating institution approved all protocols and consent forms. All women provided written informed consent.
Measurement of serum 25(OH)D. The measurement of serum 25 (OH)D in the CAREDS samples was previously described (26) . Serum 25(OH)D is reported in nmol/L, but values can be divided by 2.5 to convert them to mg/L. SNP selection and genotyping. We selected the 2 nonsynonymous (coding) SNPs in the GC gene that result in a change in the vitamin D binding protein (GC) that affects its affinity for 25(OH)D (27) . Variation at rs4588 results in a base pair change of ACG/AAG, leading to an amino acid change in codon 436 [previously known as 420 (20) ] of Thr/Lys, a protein change from GC-1 to GC-2, and lower affinity for 25(OH)D. Similarly, variation at rs7041 results in a base pair change of GAT/GAG, leading to an amino acid change in codon 432 (previously known as 416) of Asp/Glu and a protein change to the GC-1s protein, which has an affinity for 25(OH)D that is higher than that for GC-2 but lower than the other form of GC-1 (GC-1f). Moreover, there is evidence of differences in glycosylation (28) (29) (30) , metabolism of the GC protein (31) , and concentration of the GC protein (28) between the GC-1 and GC-2 isoforms (coded for by variation in rs4588). Because these 2 SNPs are functional and directly influence 25(OH)D, no additional genotyping was done in the GC gene. For the DHCR7 and CYP2R1 genes, where functional SNPs have not yet been found, we selected a set of SNPs (tagSNPs) that ''tag'' SNPs in the region that are not genotyped. Tagging was completed using the HapMap Genome Browser (32) . TagSNPs were chosen using the Utah residents with ancestry from northern and western Europe reference population and filtering for a minor allele frequency $0.05 and an r 2 $0.80. Nine tagSNPs in DHCR7 were selected, including rs1790349 from the Ahn et al. (18) GWA meta-analysis and rs12419279, which is in linkage disequilibrium (LD) (r 2 = 1.0) with rs12785878 from the SUNLIGHT Consortium GWA meta-analysis (19) . Eleven tagSNPs in CYP2R1 were selected, including rs2060793 from the Ahn et al. (18) GWA meta-analysis, which is in LD (r 2 = 1.0) with rs10741657 from the SUNLIGHT Consortium GWA meta-analysis (19) . Functional SNPs have also not been found for the CYP24A1 gene. However, this gene required a very large number of tagSNPs and showed the weakest evidence for association with 25(OH)D, so only 6 SNPs from the literature and 1 nonsynonymous SNP were selected. In all, 29 SNPs were chosen. An additional 186 ancestry informative markers (AIMs), developed and validated by Price et al. (33) , were also genotyped, 95 to discern the northwest to southeast cline in European ancestry and 91 to discern the southeastern European to Ashkenazi Jewish ancestry cline (http://genepath. med.harvard.edu/~reich/EUROSNP.htm).
DNA was extracted from the buffy coats of blood obtained at the WHI-OS baseline visit that were stored frozen at 280°C. Genotyping was done at Case Western Reserve University using an Illumina Custom GoldenGate Assay or via the KASPar Assay at LCG Genomics (formerly KBiosciences) if a SNP failed the Illumina design. The GoldenGate Assay genotypes were called using Illumina Genome Studio and the KASPar Assay genotypes were called via the KASP SNP Genotyping System. Duplicate quality control samples from 42 individuals were placed randomly throughout each of the nineteen 96-well plates. The genotype concordance rate was 99.86%. Genotype quality assurance checks were performed using the PLINK software v1.07 (http://pngu.mgh.harvard.edu/ purcell/plink/) (34) . Of the 1772 samples sent for genotyping, 75 had insufficient DNA quantity, 14 failed genotyping, 7 had call rates <90%, 7 had heterozygosity >44.5% (an indicator of sample cross-contamination), and 3 pairs (n = 6) had concordance rates $99% (an indicator of a sample mix-up), resulting in 1663 samples that passed the quality assurance/ control checks. Call rates for the SNPs in the 4 vitamin D genes ranged from 98.2 to 100% and there was no deviation from Hardy-Weinberg equilibrium at a Bonferroni-corrected global significance level a = 0.05.
Proxy measures for sunlight exposure: season as a proxy for the available solar radiation. To divide the season of blood draw at the WHI-OS baseline visit into 2 sunlight exposure categories, season was categorized as summer/fall (June to November) or winter/spring (December to May) based on a cluster analysis using the average linkage clustering method in the SAS CLUSTER procedure (version 9.2; SAS Institute). Season of blood draw served as a proxy measure of the available solar radiation in the environment.
Proxy measures for sunlight exposure: physical activity as a proxy for individual-level sunlight exposure. The measurement of physical activity and its association with 25(OH)D in the CAREDS population was previously described (26) . In that study, the observed association between physical activity and 25(OH)D was found to largely reflect the effect of sunlight exposure during outdoor physical activity. In the current study, the weekly duration of total recreational physical activity and yard work were summed and used as a proxy for individuallevel sunlight exposure, because sunlight exposure information was not collected at the WHI-OS baseline visit (1993) (1994) (1995) (1996) (1997) (1998) .
Proxy measures for sunlight exposure: retrospective self-reported sunlight exposure. The measurement of self-reported sunlight exposure in the CAREDS population was previously described (26) . Briefly, a sunlight exposure questionnaire was administered at the CAREDS baseline (2001) (2002) (2003) (2004) to collect information about the time spent in direct sunlight at the time of the baseline enrollment in WHI-OS (1993-1998) when 25(OH)D was measured.
Vitamin D intake. The methods used to collect and calculate vitamin D intake from food were previously described (35) . An intervieweradministered form was used to collect information on intake of nutrients from supplements (such as vitamin D) at the WHI-OS baseline (36, 37) . Total vitamin D intake was calculated by summing vitamin D intake from foods and supplements. Vitamin D intake is reported in IU but can be divided by 40 to convert to mg.
Body size measures. The methods used to measure body size were previously described (26) . All body size measurements were performed at the WHI-OS baseline.
Other potential correlates. Self-reported age, education, smoking, alcohol intake, hormone therapy use, overall general health (5-point scale ranging from poor to excellent), systolic and diastolic blood pressure (averaged from 2 measurements; mm Hg), TG (mmol/L), and total cholesterol (mmol/L) were also obtained at the WHI-OS baseline (21) .
Statistical analysis. The 25(OH)D values were not normally distributed; therefore, a square root transformation was used to better approximate a normal distribution. The unadjusted percent of variability in square root-transformed 25(OH)D explained by nongenetic characteristics was estimated using linear regression implemented in the SAS GLM procedure (version 9.2). These characteristics were then evaluated using forward step-wise linear regression in the SAS REG procedure with the entry P value < 0.10 and stay P value < 0.05 to build the best-fitting final model.
To minimize the risk of confounding in the genetic analyses due to population stratification, we used the genotypes from the panel of AIMs and principal components analysis (PCA), using the SmartPCA program in the EIGENSOFT package version 3.0 (38), to detect genetic outliers and estimate principal components (eigenvalues) that capture genotypic variation due to ancestry. The PCA was initially performed while including genotypes for the HapMap Utah residents with ancestry from northern and western Europe, Yoruba in Ibadan, Nigeria, Japanese in Tokyo, Japan, and Han Chinese in Beijing, China populations in order to remove women who self-reported being non-Hispanic Caucasian but whose AIMs were not consistent with European ancestry. A subsequent PCA included only women who were of European descent. The first principal component explained 1.4% of the genetic variance and was then used to correct for population stratification in the genetic analyses.
For the genetic analyses, 25(OH)D values were adjusted for month of blood draw using the nonparametric SAS LOESS procedure to minimize the seasonal effect on 25(OH)D and then square root transformed. The association between each of the vitamin D SNPs and 25(OH)D was tested using linear regression in the PLINK software v1.07 (http://pngu. mgh.harvard.edu/purcell/plink/) (34) . An additive genetic model was tested while adjusting for age and the principal component for ancestral admixture. For SNPs showing a significant association with 25(OH)D at the P < 0.01 level, the analyses were then stratified by season of blood draw (winter or summer) and, separately, vitamin D intake (< or $400 IU/d). Unadjusted and untransformed mean 25(OH)D and sample sizes for each genotype were obtained using the SAS MEANS procedure. Gene-environment interaction testing was performed using the SAS GLM procedure. Haplotypes were probabilistically inferred by Haploview version 4.2 (http://www.broadinstitute.org/haploview/haploview) (39) . Haplotype association analysis was performed in PLINK. The SAS REG procedure was used to conduct a conditional analysis to identify SNPs with independent effects. A genetic risk score was calculated as the sum of the number of risk alleles for SNPs that were independently associated with 25(OH)D at the P < 0.01 level.
Results
Not adjusting for other factors, vitamin D intake from foods and supplements accounted for the highest percent of variability in 25(OH)D (9.6%); mean 25(OH)D increased for each higher quartile of vitamin D intake ( Table 1) . Waist circumference accounted for 8.8% of the variability in 25(OH)D, with higher mean concentrations at each lower quartile of waist circumference. A similar relationship was seen with BMI, but it accounted for slightly less variability in 25(OH)D (7%). Season of blood draw accounted for 8.6% of the variability in 25(OH)D, with higher concentrations found in blood drawn from June through November. Additional variation in 25(OH)D was explained by total cholesterol; physical activity; TG; retrospective, self-reported hours in sunlight; overall general health; education; hormone use status; systolic blood pressure; alcohol intake; and Madison, WI study site. An overall predictive model was developed using forward step-wise linear regression. In order of the percent of variability in 25(OH)D accounted for, the following variables were entered and remained in the final model: vitamin D intake (9.5%), waist circumference (7.6%), season of blood draw (7.1%), total cholesterol (1.5%), and hours in sunlight (1.0%) ( Table 2) . The fully adjusted model accounted for 26.7% of the variation in square root-transformed 25(OH)D.
Of the 29 genotyped SNPs, one SNP in the GC gene (rs4588) and 3 SNPs (rs10500804, rs11023380, and rs2060793) in the CYP2R1 gene were significantly associated with 25(OH)D at a Bonferroni-corrected significance of a/n of SNPs tested = 0.05/ 29 = 0.0017 ( Table 3) . Two additional SNPs, rs7041 in GC and rs11023374 in CYP2R1, were associated with 25(OH)D at the P < 0.01 significance threshold. All 6 of these SNPs were therefore examined for potential modification of their effect by external sources of vitamin D. For all 6 SNPs and both external sources of vitamin D (season and vitamin D intake), the effect of the SNP was approximately double in the high exposure group and the P value was much lower compared with the low-exposure group ( Table 4 ). However, the statistical test for interaction was significant (P < 0.05) for only one gene-environment pair (rs7041season; P = 0.01), where the b-coefficient for the high-exposure group was much more than twice that in the low-exposure group (20.33 vs. 20.02, respectively).
Results from association analyses of haplotype blocks in the GC and CYP2R1 genes were consistent with the results from the individual SNP analyses (data not shown). When both GC SNPs were included in the model, only rs4588 remained significant; rs7041 was not independently significant (data not shown). Similarly, when all 4 CYP2R1 SNPs were included in the linear regression model, only rs2060793 remained significant; the other 3 SNPs were not independently significant. Therefore, further analyses focused on rs4588 in GC and rs2060793 in CYP2R1.
To determine the joint effect of these 2 SNPs, a genetic risk score was calculated as the sum of the number of A alleles for rs4588 and G alleles for rs2060793. It was not necessary to weight the number of risk alleles by the correlation coefficient, because the coefficients for rs4588 and rs2060793 were nearly identical in a multiple regression model including both SNPs. The range of the genetic risk score was 0-4. This score was 5 Vitamin D intake can be divided by 40 to convert from IU to mg. 6 Retrospective, self-reported time in sunlight at the time of the WHI-OS baseline visit was assessed at the CAREDS baseline visit. 7 Alcohol intake was self-reported by the participant, not measured. associated with 25(OH)D (P < 0.0001) after adjustment for age and ancestry (data not shown). When the genetic risk score was added to the model shown in Table 2 , it accounted for 2.4% of the variation in 25(OH)D. The fully adjusted model R 2 increased from 26.7 to 29.1%, indicating that the joint effect of the 2 SNPs accounted for a 9% relative increase in the modelÕs ability to explain variation in 25(OH)D. The mean 25(OH)D was highest in the groups with no copies of the rs4588 or rs2060793 risk alleles who also had high external sources of vitamin D (Fig. 1) . Mean 25(OH)D was lowest in the groups with 3 risk alleles and low external sources of vitamin D or 4 risk alleles, regardless of external sources of vitamin D. There was a trend toward a modification of the effect of the genetic risk score by both external sources of vitamin D, such that there was a much weaker effect of the genetic risk score when external sources of vitamin D were low and a stronger effect when external sources were high. This is similar to the findings from the single SNP analyses and is consistent with a quantitative gene-environment interaction, in which the magni-tude, but not the direction, of the effect of one factor varies across the levels of another (40) . A test for the statistical interaction between genetic risk score and external source of vitamin D was significant for season of blood draw (P = 0.04) but not for vitamin D intake (P = 0.26).
Vitamin D intake, which can be easily modified with little risk of adverse effects below the upper level of intake of 4000 IU/d set by the IOM committee of experts (7) , was examined further. Individuals were stratified by quartile of vitamin D intake. For the genetic risk score, individuals with either 3 or 4 risk alleles were combined due to small sample sizes in the 4-risk alleles subgroup after stratification into 4 vitamin D intake groups. The percentage of individuals with 25(OH)D that is adequate for good bone health [i.e., does not put the individual at risk for inadequacy; >50 nmol/L (>20 mg/L)] (7) was calculated. All of the women with no risk alleles who consumed at least 670 IU/d vitamin D (slightly more than the RDA of 600 IU/d for 1-70 y olds) had 25(OH)D >50 nmol/L; this fell to 84, 72, and 62% for individuals consuming at least 670 IU/d of vitamin D but who had 1, 2, or 3-4 risk alleles, respectively (Fig. 2) . Only 30% of women with 3-4 risk alleles and in the lowest quartile of vitamin D intake had adequate 25(OH)D. Encouragingly, even among women with 3-4 risk alleles, the percentage with adequate 25(OH)D did rise with each increasing quartile of vitamin D intake.
Discussion
In this study of 1204 postmenopausal women of European descent, we replicated findings in the GC and CYP2R1 genes that were previously reported in 2 large GWA meta-analyses of Caucasian cohorts (18, 19) and demonstrated that levels of external sources of vitamin D modify the effects of the SNPs in these genes. The effects of 2 SNPs in the GC gene and 4 SNPs in the CYP2R1 gene, as well as the genetic risk score formed by one independent SNP in each of these genes, were highly significant, with effects twice the magnitude in individuals with high external sources of vitamin D compared with individuals with low external vitamin D, where the associations were generally not significant. This is consistent with a previous study in which rs4588 in the GC gene was associated with 25(OH)D in Canadians of European descent in the fall (n = 111; R 2 A allele = 20.256; P = 0.009) but not in the winter (n = 97; R 2 A allele = 20.066; P = 0.535) (20) , although, to our knowledge, the effect of modification by vitamin D intake has not been examined before. These findings have implications for discovery and replication genetic studies, where discounting important environmental factors can lead to false-negative findings and lack of replication. SNPs in DHCR7, the other gene reported by both of the previous meta-analyses, were not significantly associated with 25 (OH)D in our study. There are a few possible explanations for this lack of replication. First, although we genotyped either an identical SNP to the meta-analysis SNP or a SNP in perfect LD (r 2 = 1.0) with the meta-analysis SNP, none of these SNPs are known to have functional consequences; they are likely to be in LD with another, not yet identified, functional SNP. Therefore, the DHCR7 SNPs in our study may not have been in strong enough LD with the truly functional SNP, reducing our power to detect the association. This reduction in power may have been exacerbated by our smaller sample size (n = 1204) relative to that of the meta-analyses [n = 4501 (18) and n = 33,868 (19) ]. Alternately, our study population consisted of postmenopausal women between the ages of 50 and 79 y. There is evidence that production of cholecalciferol in the skin following sunlight exposure decreases with increasing age (41) . This may be the result of linear decreases in the concentration of 7-dehydrocholesterol in the epidermis, the main site for cholecalciferol production, beginning in middle age (42) . Therefore, the postmenopausal women in our study may have had lower epidermal concentrations of 7-dehydrocholesterol that would be the equivalent of low exposure (as in Table 4 ) for our entire sample. This could result in a lack of replication for the DHCR7 SNPs, because this gene encodes the 7-dehydrocholesterol reductase enzyme that catalyzes the conversion of 7-dehydrocholesterol in the skin to pre-cholecalciferol, which is rapidly transformed to cholecalciferol. Therefore, this gene would be relevant only if adequate concentrations of the substrate, 7-dehydrocholesterol, were present in the epidermis. This study has potentially important implications for public health recommendations and clinical practice guidelines. Individuals with more copies of the rs4588 and/or rs2060793 risk alleles may require higher vitamin D intake to achieve adequate 25(OH)D (Fig. 2) . Based on the report from the IOM committee of experts, the RDA (the vitamin D intake sufficient to meet the needs of ;97.5% of the population) for adults age 70 y or younger is 600 IU/d and for adults >70 y it is 800 IU/d (7) . However, in our study population, of the 288 women age 70 y or younger who reported taking at least 600 IU/d, only 66% of those with 3-4 risk alleles had achieved the 25(OH)D recommended by the IOM committee of experts for good bone health ($50 nmol/L) (7) compared with 91% of those with 0-1 risk alleles (data not shown). Of the 102 women over age 70 y who reported taking at least 800 IU/d, only 50% of the those 3-4 risk alleles had achieved adequate 25(OH) compared with 77% of those with 0-1 risk alleles. This suggests that individuals with multiple genetic risk factors may need to consume higher amounts of vitamin D to achieve adequate 25(OH)D. If health outcomes beyond those related to calcium metabolism were confirmed to be causally associated with vitamin D by large ongoing clinical trials (43) , the findings of this study would have even broader implications. Fortunately, our data suggest that, even in individuals with 3-4 risk alleles, 25(OH)D does increase with each increasing quartile of vitamin D intake (average increase of 16.7 nmol/L from the lowest to highest quartile of intake), but at a lower rate than in individuals with fewer risk alleles (average increase of 27.7 nmol/L from the lowest to highest quartile of intake) (Fig. 2 ), although the P value for the interaction was not significant.
One limitation of this study is that, despite the striking effect modification for all 6 SNPs and both external sources of adjusting for age and ancestry. 4 Low exposure is defined as winter season of blood draw for the stratified by winter/summer analyses and vitamin D intake ,400 IU/d for the stratified by low-/high-diet analyses;
high exposure is defined as summer season of blood draw for the stratified by winter/summer analyses and vitamin D intake $400 IU/d for the stratified by low-/high-diet analyses. Vitamin D intake can be divided by 40 to convert from IU to mg. 5 Interaction P values are for a test of the gene-environment interaction term using generalized linear regression, where the gene variable was a count of the number of minor alleles for the SNP and the environmental variable was 0 for low exposure (winter blood draw or vitamin D intake ,400 IU/d) and 1 for high exposure (summer blood draw or intake $400 IU/d).
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vitamin D, we had a low power to detect significant geneenvironment interactions and were only able to do so with the rs7041-season and genetic risk score-season interaction terms. For example, the power to detect an interaction between season and rs4588 was 0.28 and with rs206793 it was 0.20. Similarly, the power to detect an interaction between vitamin D intake and rs4588 was 0.17 and with rs206793 it was 0.19. However, the consistency of the effect and P values among multiple SNPs in 2 different but relevant genes interacting with 2 different and uncorrelated external sources of vitamin D (P value = 0.53 for the concordance between winter/summer and low/high vitamin D intake) provides internal validation of our effect modification findings, suggesting that they are real findings and not artifacts of our subgroup analyses. Moreover, similar results were reported by Gozdzik et al. (20) , providing additional evidence in support of a true gene-environment interaction. An additional limitation is that our study population was drawn from the CAREDS, an ancillary study of WHI-OS women with baseline lutein+zeaxanthin intake above the 78th or below the 28th percentiles. Although demographic and other healthrelated data did not differ between the overall sample of women enrolled in the WHI-OS and the subsample enrolled in the CAREDS (25) , vitamin D intake may be correlated with lutein +zeaxanthin intake, such that individuals with higher lutein +zeaxanthin may also have higher vitamin D intake. If this were the case, women selected for the CAREDS may have had higher and lower vitamin D intakes than the WHI-OS population, with fewer women in the middle of the distribution than would be expected from a random sample. This may have resulted in more women in the higher and lower distributions of 25(OH)D. Although a plot of vitamin D intake in the women in our study showed a slight bimodal distribution, this is to be expected, because intake is summed across diet and supplements, where the lower peak represents the distribution in individuals who do not take supplements and the higher peak is representative of individuals who do take supplements. In fact, a nearly identical bimodal distribution is seen in both the high lutein+zeaxanthin intake group and the low one. Moreover, a plot of the 25(OH)D in these women shows a purely unimodal distribution.
Additional research is needed to replicate these findings in populations that include both men and women and in populations that include ancestral groups beyond strictly European, FIGURE 1 Mean serum 25(OH)D for each genetic risk score category stratified by high and low exposure to external sources of vitamin D. Plots of the mean unadjusted serum 25(OH)D (nmol/L, yaxis) for each genetic risk score category (x-axis) stratified by winter or summer season (A) and, separately, by low vitamin D intake (,400 IU/d) or high intake ($400 IU/d) (B). Error bars indicate the SEM for each group. The genetic risk score was calculated as the sum of the number of A alleles for rs4588 and G alleles for rs2060793. Vitamin D intake can be divided by 40 to convert from IU to mg. 25(OH)D, 25-hydroxyvitamin D. especially those with darker skin color where the prevalence of vitamin D deficiency is much higher (8) . Moreover, despite including both genetic and nongenetic factors in our final predictive model, we were able to explain only 29.1% of the variation in 25(OH). This may be in part due to imperfect measurement of nongenetic factors, especially sun exposure. Future studies should aim to measure environmental factors more accurately.
In summary, we not only replicated 2 of the 3 genes from previous GWA meta-analyses of 25(OH)D, but we provided evidence that external sources of vitamin D modify these genetic effects. This has important implications for both the design of discovery and replication genetic studies for all health outcomes and for public health recommendations and clinical practice guidelines regarding achievement of adequate vitamin D status, demonstrating that a ''one size fits all'' approach may not work well for vitamin D.
